RNase H (ribonuclease H) is an endonuclease that cleaves the RNA strand of RNA-DNA duplexes. It has been reported that the three-dimensional structure of RNase H is similar to that of the PIWI domain of the Pyrococcus furiosus Ago (argonaute) protein, although the two enzymes share almost no similarity in their amino acid sequences. Eukaryotic Ago proteins are key components of the RNA-induced silencing complex and are involved in microRNA or siRNA (small interfering RNA) recognition. In contrast, prokaryotic Ago proteins show greater affinity for RNA-DNA hybrids than for RNA-RNA hybrids. Interestingly, we found that wild-type Pf-RNase HII (P. furiosus, RNase HII) digests RNA-RNA duplexes in the presence of Mn 2+ ions. To characterize the substrate specificity of Pf-RNase HII, we aligned the amino acid sequences of Pf-RNase HII and PfAgo, based on their protein secondary structures. We found that one of the conserved secondary structural regions (the fourth β-sheet and the fifth α-helix of Pf-RNase HII) contains familyspecific amino acid residues. Using a series of Pf-RNase HII-PfAgo chimaeric mutants of the region, we discovered that residues Asp 110 , Arg 113 and Phe 114 are responsible for the dsRNA (doublestranded RNA) digestion activity of Pf-RNase HII. On the basis of the reported three-dimensional structure of Ph-RNase HII from Pyrococcus horikoshii, we built a three-dimensional structural model of RNase HII complexed with its substrate, which suggests that these amino acids are located in the region that discriminates DNA from RNA in the non-substrate strand of the duplexes.
INTRODUCTION
RNase H (ribonuclease H) is a ubiquitous enzyme found in all three kingdoms of the tree of life: archaea, bacteria and eukarya. Bacteria and eukaryotes contain two or more RNase H-encoding genes, whereas the hyperthermophilic archaeon Pyrococcus furiosus has only one gene, designated rnhB [1] . We have previously constructed a reconstitution system for Okazaki fragment processing using two P. furiosus recombinant enzymes, Pf-RNase HII and Pf -FEN-1 (Flap endonuclease 1) [2] . We showed that both enzymes are required for the effective degradation of the RNA moiety of an RNA-DNA-DNA substrate (the Okazaki substrate). Song et al. [3] have reported that the three-dimensional structure of the PIWI domain of the P. furiosus Ago (argonaute) protein is similar to that of RNase H, although the two enzymes show almost no similarity in their amino acid sequences. It has also been reported that in the eukarya, the Ago proteins are key components of the RNA-induced silencing complex and are involved in microRNA or siRNA (small interfering RNA) recognition [4] [5] [6] [7] . Biochemical studies of Ago proteins from the eukarya have shown that some have endonuclease (slicer) activity and can digest one RNA moiety of RNA-RNA duplexes. Unlike eukaryotic genomes, which contain one or more Ago genes (and/or Agorelated piwi genes), few genomes of either bacterial or archaeal origin encode Ago or Ago-related PIWI proteins. For example, the P. furiosus genome has one Ago gene (Pf-Ago), whereas there is no such gene in the genomes of the closely related species Pyrococcus abyssi and Pyrococcus horikoshii. Interestingly, several bacterial Ago proteins, such as Aa-Ago (Aquifex aeolicus Ago) and Tt-Ago (Thermus thermophilus Ago), are reported to be DNAstrand-mediated site-specific RNA endonucleases [8] [9] [10] . In other words, these Ago proteins can digest the RNA strand of RNA-DNA hybrids, similarly to the RNase H proteins. It has also been reported that the archaeal PIWI protein from Archaeoglobus fulgidus (Af -PIWI) binds to DNA more tightly than it does to RNA [11] , suggesting an evolutionary relationship between the RNase H and Ago proteins in prokaryotes.
To characterize the substrate specificity of Pf-RNase HII, we first aligned the amino acid sequences of Pf-RNase HII and PfAgo based on the protein secondary structures. We found that one of the helical regions corresponding to the same secondary structure in both proteins contains family-specific conserved amino acid residues. We then used Pf -RNase HII as the basic enzyme to produce a series of chimaeric Ago-RNase HII enzymes in Escherichia coli that were mutated in the region of interest, and characterized their specificities. As a result, we unexpectedly found that wild-type Pf -RNase HII digests the RNA strand of RNA-RNA duplexes. We also discovered that amino acid residues Asp 110 , Arg 113 and Phe 114 are responsible for the dsRNA (doublestranded RNA) digestion activity of Pf-RNase HII and are located in the region that discriminates the non-substrate strand (the socalled 'guide strand') in RNA-DNA and RNA-RNA duplexes, as revealed by a three-dimensional structural model of Pyrococcus enzymes.
E. coli strain BL21(DE3) was transformed with the expression plasmids. The transformants were grown exponentially in LuriaBertani medium containing 50 μg/ml ampicillin and 0.4 mM IPTG (isopropyl β-D-thiogalactoside) at 37
• C. After 14-16 h of further growth at 30
• C, the cells were harvested by centrifugation (5000 g for 5 min at 4
• C) and the recombinant proteins were extracted by sonication with a Handy Sonic model UR-20P (TOMY SEIKO, Tokyo, Japan) at maximal power level for 0.5 min in buffer A [20 mM Tris/HCl (pH 8.0), 5 mM imidazole, 500 mM NaCl and 0.1 % NP40 (Nonidet P40)]. These extracts were heat-treated at 85
• C for 15 min to denature the endogenous ribonuclease-related proteins from E. coli and centrifuged at 12 000 g for 10 min at 4
• C to remove debris. The recombinant PfRNase HII and mutant proteins were purified using the Proteus Ni-IMAC (nickel immobilized metal-ion-affinity chromatography) protein purification kit (Prochem). The eluted protein peaks were dialysed against buffer B [50 mM Tris/HCl (pH 7.5), 1 mM EDTA, 0.2 % Tween 20, 7 mM 2-mercaptoethanol and 10
For the detection of dsRNA-digestion activity, 1 ml of the dialysed lysate (approx. 50 μg/ml) was loaded on to a 1 ml RESOURCE TM S column (GE Healthcare) equilibrated with buffer B and then eluted with a linear gradient of NaCl [from 0 M (fraction 7) to 0.5 M (fraction 16)] in buffer B using an AKTA Purifier FPLC system (GE Healthcare).
RNase H assay
Oligonucleotides, either unlabelled or 3 -end-labelled with the fluorescent marker FAM (carboxyfluorescein), were chemically synthesized by Hokkaido System Science. These oligonucleotides were annealed to the complementary DNA or RNA molecules and the resulting duplexes were used as substrates (see Supplementary • C for 5 min and the cleavage products were separated on a 20% polyacrylamide gel containing 8 M urea. Gel images were visualized and analysed using a Molecular Imager FX Pro apparatus (Bio-Rad Laboratories).
Structural model of Pf -RNase HII complexed with a dsRNA ligand A structural model was constructed using the molecular graphics software Visual Molecular Dynamics [12] with the atomic coordinates of Ph-RNase HII (PDB 1UAX) and an A-form dsRNA (PDB 2Q1R), which were downloaded from the Protein Data Bank. The dsRNA structure was manually positioned on to the RNase HII model, with reference to the crystal structure of the complex between Bacillus halodurans RNase H and an RNA-DNA hybrid (PDB 1ZBI).
RESULTS
Alignment of the amino acid residues of Pf -RNase HII and the PIWI domain of Pf -Ago, based on their secondary structures As several bacterial Ago proteins (e.g. Aa-Ago and Tt-Ago) are reportedly DNA-strand-mediated site-specific RNA endonucleases [8] [9] [10] , and because the archaeal Af -PIWI protein binds to DNA more tightly than to RNA [11] , we first focused on the biochemical properties of recombinant Pf-Ago protein.
We used a gel-shift assay to confirm that the purified Pf-Ago protein preferentially binds to ssDNA (single-stranded DNA) over dsDNA (double-stranded DNA) or RNA-DNA duplexes, and obtained no clear band-shift for dsRNA (results not shown). Therefore we concluded that the nucleic-acid-binding activity of the Pf-Ago protein is similar to that of the Aa-Ago and Af-PIWI proteins. Furthermore, we did not detect any Pf -Ago endonuclease activity for either the RNA-RNA or RNA-DNA duplexes (results not shown).
Next, we compared the amino acid sequences of the Pf -RNase HII and Pf -Ago proteins, based on their secondary structures. As described previously [2] , the Pf-rnhB gene encodes a protein of 224 amino acids. It has also been reported that the Pf-Ago gene encodes a protein of 770 amino acids, with four distinct domains: an N-terminal domain (residues 1-151), a PAZ (piwi argonaute zwille) domain (residues 152-275), a middle domain (residues 362-544) and a PIWI domain (residues 545-770) [3] . Thus the PIWI domain of the Pf -Ago protein is 226 amino acids long, similar to the length of Pf -RNase HII.
The three-dimensional structures of Pf -RNase HII and the Pf -Ago PIWI domain revealed the presence of topologically common secondary structures: five β-sheets and three α-helixes ( Figure 1 ). We identified the amino acid residues that are evolutionarily conserved in each of the respective protein families (see Supplementary Figures S1 and S2 available at http://www.BiochemJ.org/bj/426/bj4260337add.htm). We found that only four archaeal species (M. jannaschii, P. furiosus, A. fulgidus and M. kandleri) contain Ago or PIWI genes in their genomes, so we used these species to analyse the conservation of the amino acid residues of RNase HII. We mapped the The amino acid sequences were aligned using ClustalX [33] . Gaps (-) were inserted to maximize the number of amino acid matches. Secondary structural elements are denoted by arrows [β-sheets (E1-E9)], waves [α-helices (H1-H9)] and humps (turns). The corresponding secondary structures, as determined by a comparison of the three-dimensional structures of Pf -RNase HII and PIWI domain from Pf -Ago, are enclosed in boxes. Amino acid residues that are evolutionarily conserved among the four related species are indicated by black (completely conserved) and grey (partially conserved) arrows (also see Supplementary Figures S1 and S2). *, identity; :, conservative replacement; ., non-conservative replacement.
evolutionarily conserved amino acid residues in the secondarystructure-based amino acid alignment of the Pf -RNase HII and Pf -Ago proteins. We found that the RNase H family of proteins has a greater number of conserved amino acid residues than does the Ago or PIWI protein families. The N-terminal (residues 5-80) and C-terminal (residues 140-238) regions of Pf-RNase HII are particularly well conserved. Conversely, there were relatively few conserved amino acid residues in the Ago or PIWI protein families. We paid particular attention to one of the conserved regions (the fourth β-sheet and fifth α-helix of Pf-RNase HII, corresponding to the fourth β-sheet and second α-helix of Pf-Ago, i.e. the PIWI domain), which had the same protein secondary structure in the two proteins and family-specifically conserved amino acid residues in each of the proteins. The conserved region of Pf-RNase HII contains the amino acid residue that is located in the centre of its active site (i.e. residue Asp 105 ).
Nuclease activity of the Pf -RNase HII-Pf -Ago chimaeric proteins
As we had established an in vitro system for measuring Pf -RNase HII activity previously [2] , and had experienced difficulty in producing a detectable amount of nuclease activity for the PfAgo protein, we used Pf -RNase HII as the base enzyme in this system and designed a series of amino-acid-substituted mutants by replacing amino acid residues in the fourth β-sheet and fifth α-helix of Pf-RNase HII with those located in the fourth β-sheet and second α-helix of the Pf-Ago protein ( Figure 2 ). To generate large amounts of the WT and mutant chimaeric enzymes for biochemical characterization, recombinant C-terminal His 6 -tagged proteins were overexpressed in E. coli strain BL21(DE3) and were purified to near-homogeneity using heat treatment at The positions and sequences of the amino acid residues in the Pf -RNase HII-Pf -Ago chimaeric regions are shown. The amino acid sequences that were replaced between Pf -RNase HII and Pf -Ago are indicated in bold. The two corresponding secondary protein structures (the fourth β-sheet and fifth α-helix of Pf -RNase HII and the fourth β-sheet and second α-helix of Pf -Ago) are enclosed in boxes.
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• C for 15 min, followed by purification using the Proteus Ni-IMAC protein purification kit. The purified proteins had molecular masses of approx. 26 kDa, as determined by SDS/PAGE (see Supplementary Figure S3 available at http://www.BiochemJ.org/ bj/426/bj4260337add.htm). This finding is consistent with the size predicted from the amino acid sequences deduced from the corresponding genes. To examine the nuclease activity of the purified recombinant enzymes, we used either a 21-mer RNA-DNA duplex (oligonucleotides AGR1 and AGD2; Supplementary Table S1) or a 21-mer RNA-RNA duplex (oligonucleotides AGR1 and AGR2; Supplementary Table S1) with two overhanging nucleotides at each of the 3 ends, to mimic dicer products [13] . However, we did not observe any significant differences between the overhanging and blunt-ended substrates (results not shown). Furthermore, 5 -end kination of the duplex, which is required for Ago nuclease activity [14, 15] , did not affect the nuclease activity of the mutants (results not shown). First, we checked the nuclease activity of the WT and mutants M1-M4 using a 21-mer RNA-DNA duplex with two overhanging nucleotides at the 3 ends in the presence of either Mn 2+ ( Figure 3A) or Mg 2+ ( Figure 3B ). The mutants M1-M4 had 5, 8, 11 and 16 amino acids replaced respectively. In the presence of Mn 2+ , M1-M3 showed a gradual reduction in nuclease activity, according to the number of amino acid replacements. M4 showed no detectable nuclease activity, because the replaced region contained amino acid residue Asp 105 , which is located in the active site and is necessary for the enzymatic activity. There was virtually no difference in the digestion patterns of the WT and mutant enzymes. However, the sizes of the major digested bands became larger, resulting from an apparent shift in the major digestion sites on the substrate. We confirmed that divalent ions were necessary for enzyme activity, but the concentrations of these ions did not affect the fundamental patterns of substrate digestion (results not shown). These results suggest that the mutations reduced the basic activity of the enzyme, which resulted in the accumulation of longer digested bands over a given period. The effect of amino acid replacements on the nuclease activity was more pronounced in the presence of Mg 2+ . The observations that the replacement of five amino acids (M1) resulted in a marked reduction in enzymatic activity and that additional replacements abolished the activity altogether suggest that the Asn 111 -Glu 115 region also corresponds to the divalent-ion recognition site. To identify the amino acids responsible for the nuclease activity, we characterized further point mutations in the region (M5-M9). The results revealed that the F114E (M6) and R113E (M7) mutations caused reduced and partially reduced nuclease activity respectively for the RNA-DNA duplex substrate. In contrast, the A115E (M5) mutation caused partially enhanced nuclease activity for the RNA-DNA duplex substrate, whereas the other mutants (M8 and M9) displayed activities similar to that of the WT (Figure 4 ). In these experiments, we used an excess of enzyme to enhance the enzymatic effects of the mutations. We estimated the kinetic parameters of the WT, M5, M6, and M7 enzymes in a separate experiment (Table 1) .
dsRNA cleavage activity of purified recombinant Pf -RNase HII
We checked the nuclease activity of the WT and mutant Pf -RNase HII enzymes using a RNA duplex substrate. For this purpose, we further purified the elution peaks from the Ni-IMAC column using a RESOURCE TM S column, which is an ion-exchange columnchromatographic method that uses anÄKTA Purifier FPLC system, to exclude the possibility of any contamination from E. coli nucleases. We also compared the purification profiles and the nuclease activity profiles of the WT and mutant enzyme M7, which is unable to digest the dsRNA substrate (described below). Both WT Pf -RNase HII and the mutant M7 enzyme were eluted using approx. 0.2 M NaCl (fractions 9 and 10, Figure 5A ). WT PfRNase HII digested the dsRNA substrate in the presence of Mn 2+ , whereas the mutant M7 enzyme showed dramatically reduced activity ( Figure 5B ). The digested band intensities were similar to those obtained with SDS/PAGE, which clearly shows that WT Pf-RNase HII has dsRNA digestion activity. There was no dsRNA digestion activity in the presence of Mg 2+ (results not shown). In contrast, both enzymes exhibited the activity necessary to digest a RNA-DNA hybrid substrate ( Figure 5C ). These results, combined with the observation that no other fractions showed similar nuclease activity, demonstrate that under our assay conditions, we only detected nuclease activity from P. furiosus enzymes in the heat-treated and Ni-IMAC-purified protein fractions.
Next, we compared the dsRNA digestion activity of the WT and mutant enzymes. As shown in Figure 6 , major RNA cleavage produced by Pf-RNase HII was observed at a single ribonucleotide position in the RNA strand of the RNA duplex. We determined the k cat value for the RNA-RNA duplex substrate, which was approx. 120-fold lower than that determined for the RNA-DNA duplex substrate (Table 1 ). In contrast, the K m value for the RNA-RNA duplex substrate was approx. 38-fold higher than that determined for the RNA-DNA duplex substrate ( Table 1 ). The introduction of several Pf-Ago protein sequences into Pf-RNase HII abolished its enzymatic activity completely ( Figure 6 , M1-M4), which suggests that the dsRNA digestion activity in the presence of Mn 2+ did not stem from contamination. Instead, the WT enzyme appeared to possess this activity. Interestingly, whereas the F114E Figure 5 Identification of the dsRNA cleavage activity of the purified recombinant Pf -RNase HII (A) SDS/PAGE of WT and M7 Pf -RNase HII proteins purified with RESOURCE TM S column chromatography. Aliquots of the fractions from the column were subjected to SDS/PAGE (10-20 % gels) and the gels were stained with Coomassie Brilliant Blue. Lane M, molecular mass markers, the size in kDa is indicated on the left-hand side; arrowheads indicate the positions of the purified proteins. (B) dsRNA cleavage activity and (C) RNA-DNA digestion activity using aliquots of the fractions from the RESOURCE TM S column. A 3 -FAM-labelled AGR1-AGR2 hybrid substrate or a 3 -FAM-labelled AGR1-AGD2 hybrid substrate was used in the processing assay respectively. The digestion products were analysed by denaturing PAGE as described in the Experimental section. Lo, load fraction (the eluted protein peak from the Ni-IMAC column); (-), no fraction added.
(M6) and R113E (M7) mutation resulted in reduced nuclease activity for the RNA-RNA duplex, similar to that observed for the RNA-DNA duplex, one other mutation, D110T (M9), caused the loss of dsRNA digestion activity ( Figure 6, M5-M9 ). Among these mutants, M7 had the most severe effect on this activity.
Finally, to determine the effects of the mutations in the M6 (F114E), M7 (R113E) and M9 (D110T) proteins, we constructed a structural model of Pyrococcus RNase HII complexed with dsRNA ( Figure 7) . As the three-dimensional structure of PfRNase HII has yet to be determined, we used the currently available structural data for Ph-RNase HII. The amino acid sequence of Pf -RNase HII has 84 % similarity to that of PhRNase HII; the sequence positions Phe 114 , Arg 113 and Asp 110 are completely conserved between the two enzymes. The structure of the substrate was in the A-form, because RNA inevitably assumes this form [16] . On the basis of previous reports [17] [18] [19] [20] , we mapped the active-site amino acid residues required for cleavage activity in our model (Asp 7 , Glu 8 , Asp 105 and Asp 135 ; Figure 7 , shown in red). A possible cleavage site (Figure 7 , blue arrowhead) is located in the middle of the active site and within the region that interacts directly with the digestion substrate ( Figure 7) . Conversely, the important mutated residues (F114E, R113E and D110T) identified in the present study (Figure 7 , shown in orange, blue and yellow respectively) are not located in the active site, but are accessible to the RNA-DNA or RNA-RNA duplex substrates. It is noteworthy that these mutated amino acid residues are strategically located so as to only interact with the non-digested strand (the guide strand).
DISCUSSION
In the present study we found that Pf-RNase HII digested an RNA-RNA duplex in the presence of Mn 2+ . This is the first report to demonstrate that RNase HII, one of the RNase H-type protein family members, has the ability to cleave dsRNA. However, it has been reported that RNase HI from the thermoacidophilic archaeon Sulfolobus tokodaii cleaves dsRNA in the presence of Mn 2+ and Co 2+ ions [21] . The RNase H domain of the RT (reverse transcriptase) enzymes of some retroviruses, such as HIV type-1 and Moloney-murine-leukaemia virus, is involved in the degradation of one RNA strand of an RNA-RNA duplex in the presence of Mn 2+ [22] [23] [24] . In all these cases, the cleavage activity for a RNA-RNA duplex is much lower than that observed for an RNA-DNA hybrid. Indeed, the k cat value of Pf -RNase HII for the dsRNA substrate is just 0.093 min −1 ( [26] . It is reported that FEN has two conserved metal-binding sites (highand low-affinity cofactor-binding sites) and mutation analysis of these sites has suggested that the types of metal ions and the local concentrations of these free cofactors regulate the FENcatalysed exonucleolytic reaction [27] . It has also been reported that the enzymatic activity of EcoRV is modulated by Mg 2+ /Mn 2+ ions [28] . Therefore the present research suggests that these divalent ions were selected to regulate or modulate ribonuclease activity, depending on the type of substrate, although their in vivo biological roles remain unknown. We also found that amino acid residues Asp 110 , Arg 113 and Phe
114
of Pf-RNase HII are strongly involved in the dsRNA-digestion activity of the enzyme. Many studies have identified amino acid residues that are important for the catalytic activity of RNase H. Structural biological approaches, combined with site-directed mutagenesis, provide powerful tools in this field. On the basis of on these techniques, Kanaya [20] reported that five acidic amino acid residues (Asp 7 , Glu 8 , Asp 40 , Asp 105 and Asp 135 ) are important for RNase H activity in RNase HII from Thermococcus kodakaraensis. These amino acids all map to a catalytic centre that is homologous with that of Pf -RNase HII (Figure 7 , shown in red) and some of these residues are reported to be metal-binding sites [19, 20, 29, 30] .
In the present study, we identified novel amino acid residues that are not located in the catalytic centre but are important for the dsRNA digestion activity of Pf -RNase HII. Because Phe 114 and Arg 113 were replaced with a glutamate residue in the M6 and M7 mutants, the negative charge on the mutants may have electrostatically repulsed the main-chain phosphate(s) to inhibit substrate binding. It should be noted that the R113E mutation significantly reduced the RNase activity of the enzyme for RNA-RNA duplexes (Figure 6 ), but only partially reduced the activity for RNA-DNA hybrids (Figure 4) . F114E reduced the enzyme activity for both substrates, whereas D110T was also exclusively important for dsRNA digestion. The structure of the RNA-DNA hybrid is dissimilar to the ideal A-form in the crystal structure of its complex with B. halodurans RNase H [31] . The RNA strand is in the A-form with 3 -endo sugars, whereas the 2 -endo or 1 -exo sugars of the DNA strand produce the B-form conformation. This may explain the differences in substrate recognition detected among the mutant enzymes. Furthermore, the A115E (M5) mutant showed an increase in its k cat of approx. 140 % for the RNA-DNA substrate. This again suggests that the region encompassing amino acid residues Asp 110 -Ala 115 is responsible for the modulation of RNase H-derived enzymatic activities. As the position of amino acid residue Ala 115 is hidden behind residues Ala 113 and Asp 110 , we could not show its position in Figure 7 . Considering that the mutation sites only interact with the guide strand in the duplex (Figure 7) , it is possible that the differences in enzymatic activity observed in the presence of different substrates are regulated by the enzyme's interactions with the guide strand. Further analysis is required to test this hypothesis. The recent exponential growth in PDB entries has allowed largely accurate functional predictions to be made on the basis of structural similarities in the three-dimensional profiles of proteins. We propose that analysis of these structurally similar proteins from an evolutionary perspective could result in the identification of novel functional domains, as is the case in the present study.
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The amino acid sequence alignment was performed using ClustalX. Gaps (-) were inserted to maximize the number of amino-acid matches. The relative degrees of amino acid conservation are indicated by grey bars. METJA, M. jannaschii; PYRFU, P. furiosus; ARCFU, A. fulgidus; METKA, M. kandleri. *, identity; :, conservative replacement; ., non-conservative replacement. 
